In this article, a generic framework was proposed to effectively characterise the pyrolysis kinetics of any household furniture materials. To examine the validity of this method, two wooden polymeric samples, (1) furniture plywood and (2) particle board, were experimented through thermogravimetric and differential thermal analyses, as well as cone calorimetry. The framework comprises of three major parameterisation procedures including (1) using the Kissinger method for the initial approximation, (2) modification of modelling constants and (3) optimisation by comparisons with the experimental results. The finalised pyrolysis kinetics was numerically investigated through computational fluid dynamics simulation of the cone calorimeter. Numerical predictions were validated against the experimental data for three different cone radiation intensities. Good agreement was achieved between the computational and experimental results in terms of heat release rate, ignition time and burn duration. The proposed framework was capable of establishing quality 
Introduction
In Australia, there were 6721 structural fires recorded annually in 2012-2013. 1 According to the fire investigation studies, it has been discovered that these fires were mainly caused by the burning of furniture combustibles, which are less regulated than public buildings or transport. These materials are typically flammable polymers which are commonly applied for household furniture such as sofa, bed, drawer, wardrobe, table and chair. Throughout the previous two decades, there has been a number of devastating fire incidents caused by the full involvement of furniture burning within buildings. For instance, the 2003 Station Nightclub fire in Rhode Island, United States, was caused by pyrotechnics ignited foam insulation lining the wall and ceiling. 2 Another example was the aged-care facility fire in New South Wales, Australia, 2011. The flashover was caused by the highly compacted combustible furniture materials filled within a small compartment room. 3 According to a study on fire incidents in Poland over the period of 2003-2011, the majority of fire fatalities are found close to burnt upholstered furniture. 4 Owing to the severe fire risk of combustible furniture, it is essential to identify the combustible fuel load in compartments for effective fire prevention and intervention. One of the most common methods for investigating the fire performance of combustible household materials is through the evaluation of their pyrolysis properties.
Pyrolysis is the thermal decomposition chemical process of a solid fuel under the exposition of high temperature. It is generally believed that the complex pyrolysis phenomena consist of several chemical sub-reactions which are often in the form of an Arrhenius expression. Through thermogravimetric analysis (TGA) analysis, these kinetic data can be obtained by studying the mass loss and their differentiated (DTG) curves during the thermal-degradation process. 5 In essence, there are several methods for establishing the pyrolysis kinetics through TGA data of an underlying material. One earliest example was the theoretical approach proposed by Kissinger, 6 which is used to provide an instant solution for the possible range of values for the kinetic parameters. This method centres on the theory where each individual reaction refers to a peak or an inflection point in the DTG curves. If these peaks are located, they can be extracted and correlated with the pre-exponential factors and activation energies on the pyrolysis reactions. Nevertheless, it was discovered in many later literatures that this method is highly influenced by the quality of the experimental TGA data. 2, 5 Even a small deviation for one of the DTA peaks will cause a drastic change in the estimated values for the addressed kinetics. Owing to this issue, several searching methods had been developed to mathematically adjust these kinetic parameters. One effective method for extracting the chemical data is the curve-fitting approach, where an analytical estimation of the DTG curve is evaluated and compared against the experimental data for optimisation. Wood polymers in general normally comprises several material layers which have their own distinctive pyrolysis behaviours. The kinetics of basic carbohydrate polymers such as cellulose, hemicellulose and lignin has always been a major research topic for fire safety. [7] [8] [9] In the previous decades, many experimental studies had been carried out to investigate the primary pyrolysis behaviours and complex chemical pathways of wood polymers (e.g. Kanury and colleagues, 10, 11 Di Blasi and colleagues. [12] [13] [14] ). These studies provided strong foundation and basic understanding to later works with more sophisticated methodology in establishing the chemical description of the wood pyrolysis process such as the mathematical modelling approaches proposed by Willner and Brunner 15 and Yuen et al., 16, 17 as well as the iso-conversion method proposed by Jin et al. 18 In fire safety and protection engineering, one of the major concerns is the amount of heat release from the solid combustible. Cone calorimetry is the most significant bench scale laboratory equipment to assess the fire development of materials. It provides the fundamental aspect of the material flammability including heat release rate (HRR), ignition time and burning durations. This standard test has been extensively adopted to study the burning behaviour of polymeric materials and more recently other newly developed flame-retardant polymers. [19] [20] [21] Owing to the rapid advancement of computers and numerical methodologies, it is convenient to apply mathematical models to simulate the cone calorimeter and validate the pyrolysis kinetics. Early cone calorimeter modelling was pioneered by the development of a one-dimensional mathematical model for wood pyrolysis by Bamford et al. 22 In his model, the heat conduction was considered by a one-dimensional equation where the change was purely governed by pyrolysis rate modelled by the unimolecular law. Later, three-dimensional computational fluid dynamics (CFD)-based cone calorimetry models were developed which embraces the complex thermal physical and chemical processes, heat and mass transfer, moisture evaporation as well as the varying, yet anisotropic thermal properties and permeability of a pyrolysing wood, 16, 17 as well as polymeric materials such as polyurethane foam, 23 poly methyl methacrylate (PMMA). 12 In these numerical studies, the mass loss rate (MLR), HRR, temperature distribution and ignition time of the addressing materials can be numerically predicted. Owing to recent advancement in large eddy simulation (LES) modelling techniques, utilising the LES framework in cone calorimeter simulation can possibly improve the accuracy of flame predictions and provide addition simulation results. [24] [25] [26] [27] [28] In this article, two wooden polymeric samples that are applied for modern Australian furniture were examined through TGA and cone calorimetry tests. The aim of this study was to utilise a robust numerical approach to establish a set of pyrolysis data that could be applied in numerical simulations. In order to validate the kinetic parameters, a cone calorimeter model was constructed in a CFD model and the simulation results were compared against experimental data. The main objectives of the present study are as follows:
to study the thermal-degradation and flammability behaviours of the samples through cone calorimetry and TGA tests, to establish a collection of pyrolysis kinetics specifically for the wooden polymer samples, to set up a LES-based cone calorimeter computational model where the obtained kinetics can be implemented, to validate the model and kinetics by comparing with actual cone calorimeter data and to numerically predict the ignition time and heating profile with the application of pyrolysis and combustion modelling.
Establishing pyrolysis kinetics

Material samples
Provided by the Fire Research Unit, Fire and Rescue, New South Wales (FRNSW), Australia, two wooden polymeric samples that can be commonly found in Australian furniture were examined in this study. As depicted in Figure 1(a) , the first test sample is furniture plywood, which is a standard furniture material with high density and flexibility. It can be applied as the supporting frames, main structural bodies for chair, desk, table, drawer, wardrobe and so on. The second test sample as displayed in Figure 1 (b) is particle board, which is manufactured from compressed wood chips. The material itself is light-weighted and easily recyclable. It is specifically applied as the framework for sofa and bed frames.
TGA
TGA and differential thermal analysis (DTA) were carried out using Netzsch TG 209 F1 thermoanalyser instrument (i.e. imported from Germany). Multiple small specimens of approximately 10 mg mass were cut from each sample. During the experiment, they were typically tested in an alumina crucible with heating rates of 5, 10 and 20 K min 21 increments up to 1000 K. 29, 30 The TGA and DTA results were post-processed to evaluate two sets of pyrolysis kinetics for the samples aforementioned. The TGA tests were run in N 2 environment and each of the tests were performed twice to ensure the repetitiveness of the data.
Simple four-step calculation procedure to obtain pyrolysis kinetics
The proposed approach in this article comprises four major steps and they are illustrated in Figure 2 . Since this method requires a set of kinetic parameters (i.e. pre-exponential factor A, activation energy E), the Kissinger's method was applied to acquire values as initial guesses. Afterwards, a numerical TGA curve based on the estimated value is computed by a mathematical model and compared against the experimental profile. Depending on the deviation from the experiment, the kinetics parameters are adjusted to and used to recalculate as the updated numerical TGA curve until it matches the experiment.
Initial approximation by the Kissinger approach
According to the theoretical study proposed by Kissinger, 6 the pyrolysis kinetics for any sample can be obtained by extracting the peak values measured for the experimental TGA curves. First, it is required to locate the exact temperature where the peaks occurred; this can be achieved by applying differentiation to the set of data and finding out the change of signs. There can be multiple chemical kinetic reactions for single material while the activation temperature differs for each individual reaction rate. After the maximum temperature Ti, p for the maximum reaction rate at different heating rates b are identified, a linear relationship is established between lnðb=T 2 i;p Þ and ð1=T i;p Þ. The theoretical linear relationship between the two terms can be expressed as
Therefore, the slope of the line calculated from experimental data is equal to À E i =R and the intercept is lnðA i R=E i Þ. After A i and E i are determined, the initial approximation of the mass fraction c i is calculated based on the ratio between the peak temperature of the individual component to the total summation of all the peak temperatures, and all the initial values of n i are set to one. Figure 3 shows the fitted lines of lnðb=T 2 i;p Þ against ð1=T i;p Þ for both the furniture plywood and particle board.
Superimposing of reaction components
Based on Kinsinger's approach, a number of reaction components in the form of Arrhenius expression are obtained (i.e. depending on the amount of peaks identified). Utilising the equations of the fitted linear curves from Figure 3 , the initial estimates of the kinetics for both materials were approximated (listed in Table 1 ). As listed in the table, there are in total three Arrhenius reaction components for furniture plywood and four for particle board. The theoretical DTG curve can be formed by superimposing all individual reaction components in the formed Arrhenius expression with their corresponding weightings fraction c i , which can be expressed by the following equation where Y residual is the residual mass at the end of the TGA test. Take furniture plywood as an example. As indicated in Figure 4 , the three reaction curves (R1-R3) show the individual thermal decomposition rates due to chemical reaction of various composite components within the material sample. By superimposing the three curves (i.e. summating the three Arrhenius reactions), the resultant curve (R total ) represents the theoretical DTG curve. This is thus applied as the initial estimation for the proposed iterative process.
Description of the iterative procedure
In this study, a robust iterative curve-fitting approach was suggested. It is constructed in a manner that no matter how large the deficiency of the initial approximation based on the Kissinger's approach is, the accuracy of the finalised data can be highly improved through the iterative procedure. The core of the procedure is to adjust the values for c i and n i to achieve a best fit to the experimental curves. The magnitude of n i affects the sharpness of the reaction curve (i.e. a lower n value will flatten the reaction curve), while the value of c i affects the peak of the reaction curve (i.e. a lower c value will reduce the peak value without changing the overall shape of the curve.). The values are adjusted in every iterative process until the estimated curve is within 10% average difference with experiment data. Figure 5 illustrates the flow chat of the MATLAB program. Through this process, the values of the key constants within the Arrhenius expression including the pre-exponential factor A i , activation energy E i and exponent for the fuel mass fraction Y i are calculated. Subsequently, the code computes a DTG curve and compares against the experimental data that yield an overall percentage error. If the difference is more than 10%, the iteration process continues. While performing the inner iteration loop in searching for the pyrolysis kinetics, it is required to define an intermediate time-step to compute the time-dependent thermal-degradation behaviour with a particular set of Arrhenius parameters (smaller time-step gives more refined numerical results). Note that the time-step in the inner iterative loop is used only to generate the decomposition rates with various heating rates (i.e. 5, 10, 20 K min
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). The initial temperature and fuel mass fraction is set to 300 K and 1.0, respectively. At each time-step, the temperature increases by bDt (converted from K min 21 to K s
) and the fuel mass will decrease according to the reaction rate R ij determined from the current time-step. The resulting temperature and fuel mass will affect the reaction rate in the next time-step. This process is iterated until the temperature reaches 1000 K. As illustrated in Figure 6 , the output from the inner iterative loop are three distinct DTG curves to compare with the experiments at the three prescribed heating rates. After completing the iterative procedure from the present MATLAB code, the evaluated coefficients for the Arrhenius expression for various samples are summarised in Table 2 . In the table, each individual reaction corresponds to a material comprised within the wooden sample or a single peak recorded in the thermal-degradation rate curve. There are in total three and four reactions, respectively, for the furniture plywood and particle board. During pyrolysis, the activation temperatures and energy releases for these polymers may also differ based on their chemical composition.
Pyrolysis kinetics
The MATLAB calculated results were validated against thermal-degradation (DTG) data extracted through the TGA analysis. Based on the pyrolysis kinetics listed in Table 1 , the calculated profiles by the MATLAB code is compared with the experimental DTG curve for 5, 10 and 20 K min 21 increment temperatures (i.e. furniture plywood and particle board displayed in Figures 3 and 4, respectively) . As can be seen, the peaks in the DTG curves measured in the experiment were fully replicated by the numerical predictions using the obtained values in the Arrhenius expression. The finalised computed TGA curves after the iterative procedures are compared against experimental data as indicated in Figure 7 for furniture plywood and Figure 8 for particle board. In essence, three major peaks were observed for furniture plywood kinetics (i.e. first occurring at around 530-580 K; second occurring at around 600-630 K and third occurring at around 640-670 K) and four major peaks were discovered for particle board kinetics (i.e. first occurring at around 450-530 K; second occurring at around 550-580 K; third occurring at around 600-660 K and fourth occurring at around 660-740 K).
Cone calorimetry test
The cone calorimeter experiments were carried out using a fire testing technologies standard cone calorimeter (Figure 9 50 kW m
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. Three samples from each formulation (i.e. furniture plywood and particle board) were tested for reproducibility and the top two set of results in terms of matching were selected as the finalised experimental data. The HRR of the samples during the experiment was measured by oxygen consumption calorimetry proposed by Huggett. 31 
Numerical modelling
Fire field model
In this study, the fire field model: Fire Dynamics Simulator (FDS) version 6.1.2 was adopted. It utilised the LES approach incorporating sub-grid scale (SGS) turbulence models coupled with combustion, radiation and pyrolysis sub-models to feasibly account for the fire phenomena. This approach is effective for fire modelling since the temporary fluctuation behaviour of the flame can be coupled to the other sub-modelling components. 32, 33 It solves numerically a modified form of Navier-Stokes equations appropriate for low-speed flow driven by fire. Second order finite difference scheme is utilised to discretise all spatial derivatives in the conservative equations. Explicit second order predictor-corrector scheme is adopted for updating velocity, pressure, temperature and other essential variables in time.
Governing equations. The thermally driven buoyant flow is described by principle conservation equations for a Newtonian fluid derived from first principle of physical laws. Uniform structure staggered grid arrangements are utilised and the governing equations are approximated by second-order finite differencing approaches. On the basis of density-weighted averaged of the low Mach number assumption, 34 the Favre-filtered transport equations for mass, momentum and energy of the fluid motion can be evaluated by the following equations
where r is density, t is the time,Ṽ is the velocity vector, r is the nabla/differentiation operator, t * is the stress tensor and g * is the gravitational acceleration force. In equation (3), h is the enthalpy energy of the flow, p is the pressure, _ q 00 comb is the heat release per unit volume through combustion, the term Àkr 2 T and the summation of rðrh i D i rZ i Þ denote the conductive and diffusive heat fluxes and _ q 00 rad represents the radiation heat transfer.
Turbulence model. Since turbulent flow structures contain eddies with a wide range of length and time scales, a special filter is applied in FDS to separate the large and small eddies. The cutoff length of the filter is determined by the simulation grid size. Large eddies are directly resolved while eddies that are smaller than the length scale are predicted by the SGS turbulence model. The Smagorinsky model with a constant coefficient of 0.2 was adopted with a wall-damping function which considered the decay of Reynolds Stresses approaching near a wall. At wall boundaries, the turbulence viscosity term evaluated by Smagorinsky model will be automatically filtered as zero by the wall-damping function.
Gas-phase combustion model. Based on the assumption of fuel burns instantly when mixed with the oxidiser, the combustion chemical source term which appears in the energy equation is calculated based on a fast-chemistry mixture fraction model. This approach has proven to be efficient and effective for turbulent combustion modelling. 35, 36 In this model, the default chemical kinetics is simplified as a one-step reaction where fuel reacts with ambient air (i.e. oxygen, nitrogen, water vapour and carbon monoxide) directly to form the final products (i.e. nitrogen, carbon monoxide, carbon dioxide, water vapour and soot). First the amount of species generated in each grid control volume is determined according to the amount of gas-phase fuel, which is obtained by the pyrolysis model. The amount of heat generation via combustion is thus determined by summation of species mass fraction multiplying its heat of formation.
Pyrolysis model. The temperature at the solid fuel T s ðx; tÞ, where x is the direction pointing into the depth of the liquid fuel, is resolved by the one-dimensional heat conduction equation
where r s , c s and k s are the density, specific heat and thermal conductivity for the considered solid fuel, respectively. The source terms S pyro and S rad refer to the net heat gain due to chemical reactions during solid fuel decomposition (pyrolysis) and in-depth radiation absorption, respectively, in which the pyrolysis source term is evaluated by the following equation
where N R is the total number of reactions involved during the pyrolysis process and DH R is the heat of reaction. The pyrolysis reaction rates R i is calculated in the form of Arrhenius expression, in which the kinetics evaluated by the previously addressed robust iterative method can be applied to describe the solid decomposition behaviour of the corresponding solid sample, which can be modelled as follows
It should be noted that there is no weightings of reaction components c i term in the equation of FDS. This can be conveniently overcome by multiplying the term with the preexponential factor as a corrected term A i;c to include the weighting of each individual reaction.
Importing the cone geometry and meshing
The dimension of the cone is indicated in Figure 10 . The upper part of the cone is 110 mm in diameter with an inner diameter of 80 mm and the lower part is 197 mm in diameter. The wall thickness of the shell of the cone is around 10 mm constructed by stainless steel. Inside the cone is filled with 7 3 10 mm diameter heating coils circulating along the shell wall. A MATLAB code was written to convert the cone geometry into rectangular grid structures that is compatible for the fire field model as demonstrated in Figure 11 .
The computational domain was extended to fully capture the flame structure and total HRR giving a total size of 190 mm 3 190 mm 3 300 mm. The computational model consists of 10,830,000 meshes where each grid cell was uniformly sized as 1 mm 3 . This mesh system also provided a more stable solution since the aspect ratio is unity meaning that the order of error for partial derivative approximations were minimised. A mesh sensitivity analysis was conducted according to the meshing criteria for fire simulation suggested by DiNenno et al. 37 Three mesh systems were tested, and the details are listed in Table 3 . The furniture frame case was utilised for this study. The temperature at a monitoring point 10 mm above the centre of the material surface was compared for different meshes. To reduce the computation time required for the analysis, the simulation time was set to 50 s. As illustrated in Figure 12 , the temperature converged approximately 30% from the coarse mesh to the medium mesh, resulting in a faster ignition time. Upon further refinement from the medium to fine mesh, the average deviation is approximately 5%. Considering the convergence results, the fine 1 mm mesh was adopted in the numerical simulations. The characteristic length of the mesh were in the category of 1/30 \ R* \ 1/20 meaning that the mesh was high quality and far superior than the satisfactory range of 1/15 \ R* \ 1/10. Owing to the large number of meshes applied in this simulation, the total amount of time required for 100 s of simulation time was approximately 480 h (20 days) given a parallel simulation with four central processing units.
Boundary conditions
The solid fuel kinetics in the CFD model was based on the parametric values found by the iterative procedures as listed in Table 2 . The material properties including density, absorption and emission coefficients, thermal conductivity, and heat capacity of both furniture plywood and particle board considered in the numerical simulation were provided in Table 4 . The thickness and initial density of the sample were also required during the simulation, in which the density was estimated by dividing the measured specimen mass by its area multiplied by thickness. In the experiment, the specimen thickness measured for furniture plywood was approximately 14 mm and the weight was approximately 10.9 g, the specimen thickness measured for particle board was approximately 5 mm and the weight was approximately 4 g. During the calibration test of the experiment, a radiation heat flux metre was used to measure the temperature required for the heat coils to provide heat flux on the solid fuel surface. Accordingly, heating coil temperatures of 639°C, 711°C and 770°C were found to yield the radiative heat fluxes of 30, 40 and 50 kW m
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. The radiative heat flux on the solid fuel surface was numerically investigated during the simulation to ensure the correct amount of radiation was applied to the fuel. Nine radiative heat flux probes were placed on the sample pointing normal towards the heating coils. The temperature conditions of the heating coils calibrated in the experiment (i.e. 639°C, 711°C and 770°C) were applied in the model and the numerical heat flux measured were 25.82, 38.71 and 46.25 kW m
, respectively. This deviation may be due to measurement error such as the location of the heat flux metre placed does not precisely reflect the actual location of the sample surface. Owing to this issue, the temperature conditions had been numerically adjusted based on trial runs and the resultant heating coil temperatures for 30, 40 and 50 kW m 22 radiative heat fluxes now became 651°C, 728°C and 802°C, respectively. In addition, the convection heat loss to the surroundings from the Cone domain has been considered in this simulation, as the surrounding temperature was governed by the measured room temperature from the experiment. The radiation feedback from the flame towards the fuel bed surface was also considered in this model, allowed by the radiation heat transfer and wall absorption model.
Results and discussions
Validation of pyrolysis kinetics
In order to ensure the repetitiveness of the cone experiment, each test was carried out three times (i.e. each for 30, 40, 50 kW m
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) and the two with most agreement were selected as the final result. Figure 13 illustrates the HRR over time for the numerical predictions against the two sets of selected experimental data. Owing to the multiple material and pyrolysis reactions existing in the furniture plywood sample, the material at various temperature emitted different amount of gas fuel volatiles. It can be seen from the figure that there are two major raises of HRR, which can be referred as the first and second peaks, respectively. Overall, the magnitudes of the HRRs for the first and second peaks were in good agreement with the experimental data. Nevertheless, despite both numerical and experiment data exhibit a similar ignition time, the growth rate of HRR in the numerical prediction was much slower than that of the experiment, hence the occurrence of the first peak in the simulation was delayed. On the contrary, the second peak was predicted to happen much earlier in the simulation compared to the experiment. Since the second peak was mainly influenced by the reaction component R2 for furniture plywood, it is speculated that the activation energy for R2 should be higher under the conditions for the cone calorimetry test. This discrepancy may also attribute to the improper replication of charring kinetics. Furthermore, char component in the experiment was still burning during the experiment; however, this was ignored during the simulation. Hence, there was still a small amount of HRR recorded at the decaying stage of the fire in the experiment due to smouldering flame of the char residue. With regard to the HRR and experiment results for particle board as indicated in Figure 14 , the burning duration was much shorter. This was simply due to the fact that the test material thickness was much thinner compared to furniture plywood. Unlike the furniture plywood, the first and second peaks in the HRR curve were nicely predicted for the particle board simulations. This means that the proposed pyrolysis kinetics fully replicates the actual pyrolysis reaction processes. The first peak ranging around 300-400 W was in well agreement with the experimental data. However, a much sharper second peak was predicted while it was much flatter in the experiment. This means that the reaction components responsible for the second increment of HRR (i.e. R1 and R2 for particle board) were slightly over-estimated. Furthermore, the duration of the decaying stage in the numerical predictions was much shorter than that of the experiment. This is once again mainly responsible to the smouldering flame of the residue char remaining during the experiment which was not considered during the simulation. Overall, when higher cone radiation intensity was applied, the burn duration was lowered while the HRR would increase. The total amount of heat release from the solid fuel would always remain at a similar level as depicted by the area under the HRR curves. These trends had also been captured by the numerical model.
Visualisation of the flame and thermal decomposition
The numerical prediction of the flame for the furniture plywood burn with 50 kW m 22 cone radiation intensity is displayed by Figure 15 . As can be seen, the fire was ignited at around Figure 15 (a). During this stage, the pyrolysis rate gradually increased as the solid fuel was heated up in-depth. As indicted in Figure 15 (c), the fire approached its first HRR peak as previously discussed in the HRR curve results. Although the temperature of the solid fuel temperature at this stage was high enough to undertake the two pyrolysis reaction with the lower activation energies (i.e. R1 and R3 for furniture plywood), the remaining reaction component (i.e. R2) was yet to be activated. As the overall temperature of the solid fuel further raised due to the radiation absorption, the energy was sufficient to trigger the last pyrolysis reaction component causing a final boast in fire size as shown in Figure 15(d) and (e). The fire size and flame height during the second HRR peak were considerably greater than its previous peak. Finally, the solid fuel was almost fully consumed and the fire size started to drastically decay at around 200-220 s as indicated in Figure 15 (f). In addition, the numerical representation of the flame for particle board burn with 50 kW m 22 cone radiation intensity is displayed by Figure 16 . It should be noted that the burning duration for particle board was shorter due to the fact that the test sample applied in the cone test was a few times thinner than the furniture plywood sample. Experimental footage for the same configurations and settings are illustrated in Figure 17 . Although the ignition stage of the fire was predicted earlier in the simulation, the remaining stages for and the two significant increases in fire size were well approximated and replicated by the numerical flame visualisation. In the HRR profiles, it can be seen that the first and second HRR peaks occur, respectively, at around 40 and 70 s. With regard to the first peak, the numerical simulated flame as depicted in Figure  16 
Ignition time and burning duration
All occurrence time for ignition, extinguishment and the evaluated burn duration for furniture plywood and particle board are summarised, respectively, in Tables 5 and 6 . It should be addressed that all values in the table are rounded off to the closest integer for the ease of observation and evaluation of relative difference. During the experiment, the time for ignition and flame extinction was recorded remotely controlled based on flame observation. The extinguishment of the flame was observed as the instant where the visible puffing flame was pulled off (i.e. neglecting the stage of smouldering fire of charring). Overall, the ignition time was the shortest for cone radiative intensities of 50 kW m 22 followed by 40 and 30 kW m
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. The same trend was also predicted in the numerical simulation. This was reasonable since theoretically when a greater radiation flux was applied to the solid fuel surface, the temperature of the solid was heated up at a faster rate releasing the combustible gas volatiles at an earlier period. For furniture plywood, although the shape for the first HRR peak as previously discussed was under-estimated in magnitude, the ignition occurrence was well predicted for all three cases with various cone radiation fluxes giving a relative difference less than 5 s on average. This demonstrated that the pre-exponential factor or the exponent responsible for the initial HRR peak was in fact under-predicted for the furniture plywood kinetics. The burn duration for 30 and 40 kW m 22 was considerably under-predicted by more than 25 s, which might be attributed to the heat losses during the experiment. As a consequence, the simulated flame extinguished earlier compared to the experiment. For particle board, the flame numerical ignition time required was significantly shorter than the experiment with an overall average difference of around 15 s. However, the HRR results as shown in Figure 14 suggested that although the fire started earlier during the simulation, the time required for fire to reach the first HRR peak was almost identical to the experiment. Moreover, the burn duration for the simulation was also in well agreement against the measurement with only 4 s relative difference at maximum which leads to an earlier flame distinction predicted in the simulation.
Conclusion
In this article, a robust iterative method has been proposed to establish quality data for wooden polymeric materials applicable for CFD simulation with pyrolysis modelling. In this method, three steps were involved including (1) the initial estimation based on the Kissinger method, 6 (2) alteration of constants and (3) comparison against experimental DTG curve to output the results or repeat the previous steps. Accordingly, two sets of pyrolysis kinetics were evaluated for the two wooden polymeric samples extracted from standard Australian furniture including (1) furniture plywood and (2) particle board. In order to apply the proposing method, TGA tests with three different temperature heating rates were carried out for both samples to obtain their thermal decomposition properties. Furthermore, the flammability in terms of time for ignition, flame extinction and HRR were assessed by means of cone calorimeter tests.
The values of the kinetic parameter for the thermal degradation of the two samples were applied in the CFD cone model. Numerical predictions for the HRR, flame visualisation, time for ignition and extinguishment were studied. For furniture plywood, two significant jumps in HRR were observed both in experiment and simulation. The first increment was slightly under-predicted by the simulation while the second HRR peak was predicted to occur at an earlier time instant than the experiment time frame. This means that the activation energy for the reaction component responsible for the secondary increase in HRR was lower than actual. In contrast, the HRR for the particle board simulation runs were in better agreement against the measurement than that of the furniture plywood runs. Although the peak HRR for the second peak was considerably over-estimated, the areas under the HRR curve reflecting the total amount of HRR showed good agreement against the experimental data. The ignition time was in good agreement with the experimental data for the furniture plywood with an overall averaged relative difference of less than 5 s. The total burning time for the lower cone radiation intensity cases were under-estimated by around 20-30 s giving an averaged total burn duration of 264 s, while the high cone radiation flux case was only under-predicted by 11 s. For particle board, although the time for ignition and flame distinction were under-estimated during the simulation, the fire size for the first and second HRR peaks were in good comparisons against the experiment data. The burn duration estimated in the simulation was almost the same as recorded in the experiment with an averaged overall difference of around 3 s. Based on the numerical representation of the flame based on three-dimensional isometric plots of the HRR per unit volume, the shape and height of the flame for various stages of the fire were fully replicated in the CFD model. In short summary, with the application of the robust numerical approach suggested in this article, a quality set of pyrolysis kinetics data with multiple reaction components can be established which can be numerically adopted in mathematical model to provide reasonable predictions for small-scale fires.
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